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Abstrat
We disuss the observability of CP-violating asymmetries in the proess e+e− →
χ˜01χ˜
0
2 → χ˜01χ˜01ℓ+ℓ−, with ℓ = e, µ. We onsider two examples of supersymmetri
senarios: (i) with deays χ˜02 → ℓ˜±Rℓ∓ → χ˜01ℓ+ℓ−; (ii) with χ˜02 three-body de-
ays. The asymmetries an be of order 0.1 but they are partially washed out by
the large bakgrounds from W+W− and slepton pair prodution, being the ob-
served asymmetries one order of magnitude smaller. However, with appropriate
kinematial uts they an be observed at an e+e− ollider with a entre of mass
energy of 500 GeV and high luminosity.
1 Introdution
There are several motivations to onsider further CP violation soures in addition to
the CP-violating phase in the Cabibbo-Kobayashi-Maskawa matrix. From the exper-
imental point of view, the Standard Model (SM) is unable to explain the observed
baryon asymmetry of the universe. From the theoretial side, most SM extensions
introdue new CP violation soures. The Minimal Supersymmetri Standard Model
(MSSM) [1,2℄ ontains several new phases whih an lead to observable eets at high
energy olliders. In the neutralino setor these are the phases of the parameters M1
and µ, φ1 and φµ respetively. Large phases φ1 and/or φµ lead to supersymmetri
ontributions to eletri dipole moments (EDMs) far above present limits. However,
these two phases an be large without neessarily yielding unaeptably large EDMs,
if there are large anellations between the dierent ontributions [35℄. One of the
tasks to be aomplished at a future linear ollider is to explore the eets of these
phases in phenomenology, in order to determine if they vanish or not.
In this paper we study the proess of χ˜01χ˜
0
2 prodution with subsequent leptoni
deay of the seond neutralino [68℄,
e+e− → χ˜01χ˜02 → χ˜01χ˜01ℓ+ℓ− , (1)
1
with ℓ = e, µ.1 In this proess, it is possible to have a CP asymmetry in the triple
produt ~pe+ · (~pℓ− × ~pℓ+) of order 0.1 for adequate hoies of beam polarisations. This
asymmetry is sensitive to the phases of M1 and µ and is due to of the inuene of χ˜
0
2
polarisation in the l+, l− angular distributions (the expressions of the polarised matrix
elements for χ˜01χ˜
0
2 prodution and χ˜
0
2 deay an be found in Refs. [9,10℄). However, its
experimental detetion is jeopardized by the presene of huge bakgrounds from the
prodution of W+W−, seletron/smuon and, to a lesser extent, hargino pairs,
e+e− →W+W− → ℓ+νℓ ℓ−ν¯ℓ ,
e+e− → ℓ˜+R,L ℓ˜−R,L → ℓ+χ˜01 ℓ−χ˜01 ,
e+e− → χ˜+1 χ˜−1 → ℓ+νℓχ˜01 ℓ−ν¯ℓχ˜01 , (2)
whih give the same experimental signature of two oppositely harged leptons ℓ+ℓ−
plus missing energy and momentum. A realisti analysis taking these bakgrounds
into aount is ompulsory in order to draw a onlusion on the observability of this
CP asymmetry.
We analyse two kinds of supersymmetry (SUSY) senarios, depending on the dom-
inant hannel ontributing to the deay of the seond neutralino: (i) senarios with
deays χ˜02 → ℓ˜±Rℓ∓ → χ˜01ℓ+ℓ−; (ii) senarios where χ˜02 has three-body deays. The
ase of χ˜02 → ℓ˜±Lℓ∓ → χ˜01ℓ+ℓ− is similar to the deay to ℓ˜±Rℓ∓ but involves a heav-
ier neutralino spetrum, for whih the signal ross setions are smaller. We do not
study senarios with deays χ˜02 → χ˜01Z → χ˜01ℓ+ℓ− beause the asymmetries are rather
small [8℄, and turn out to be unobservable due to the large bakgrounds. Instead of
performing a san over some region of the SUSY parameter spae (for suh analysis see
Ref. [7℄, where a study omplementary to this one is performed but without inluding
bakgrounds nor the eet of ISR and beamstrahlung), we onentrate on the detailed
analysis of two spei examples, to illustrate eah of the two situations. We onsider
e+e− annihilation at a entre of mass (CM) energy of 500 GeV, as proposed for the
rst phase of TESLA.
This paper is organised as follows. In Setion 2 we examine how CP asymmetries
an be dened in χ˜01χ˜
0
2 prodution, and x the SUSY senarios to be disussed. In
Setion 3 we analyse in detail the triple produt CP asymmetry in two senarios. The
1
We do not onsider χ˜02 → χ˜01τ+τ−, whih is the dominant hannel in some ases, beause eah
of the τ leptons deays produing one or two undeteted neutrinos and the reonstrution of the τ
momenta is not possible. The study of a CP-violating asymmetry involving the τ deay produts
requires a simulation of the τ deay and is beyond the sope of this work.
2
results for other senarios are also ommented. In Setion 4 we summarise our results
and ompare with other CP violation asymmetry whih is also sensitive to the phases
φ1, φµ. In the Appendix we ollet some Lagrangian terms required for our alulations.
2 CP asymmetries in χ˜
0
1
χ˜
0
2
prodution and deay
The proess of neutralino prodution in Eq. (1) takes plae through the diagrams
depited in Fig. 1. The Lagrangian terms and onventions used an be found in Ref. [11℄
and the Appendix. From inspetion of the diagrams and interations involved we an
notie that only e+ and e− with opposite heliities give non-vanishing ontributions to
the amplitude (negleting seletron mixing), what onstitutes a ruial point for the
onstrution of our CP asymmetries. The deay of χ˜02 is mediated by the diagrams in
Fig. 2 (prodution and deay diagrams are shown separately only for larity, in our
omputations we alulate the omplete matrix elements for the resonant proess). We
have omitted the diagrams with neutral salars, whih are proportional to mℓ and thus
irrelevant for ℓ = e, µ.
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Figure 1: Feynman diagrams for χ˜01χ˜
0
2 prodution in e
+e− annihilation.
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Figure 2: Feynman diagrams for the deay χ˜02 → χ˜01ℓ+ℓ−.
In the CM system the proess of χ˜01χ˜
0
2 prodution looks as depited in Fig. 3, with
the 3-momenta in obvious notation and λ− = ±1, λ+ = −λ− the eletron and positron
3
heliities, respetively. The momenta of the two nal state neutralinos annot be
reonstruted beause of the insuient number of kinematial onstraints available
for this proess, thus we do not use them in our analysis. Under CP, the momenta and
heliities transform as
~pe+ → −~pe− = ~pe+ , ~pe− → −~pe+ = ~pe− , ~pℓ+ → −~pℓ− , ~pℓ− → −~pℓ+
λ+ → −λ− = λ+ , λ− → −λ+ = λ− (3)
(remember that in the CM frame ~pe+ = −~pe−). The initial state is CP-symmetri
independently of the possible beam polarisations, owing to the fat that λ+ = −λ−.
Therefore, the quantities
Q1 = ~pe+ · (~pℓ− × ~pℓ+) ,
Q2 = ~pe+ · (~pℓ− + ~pℓ+) (4)
are CP-odd (other higher-order CP-odd quantities may also be built using the vetors
in Eqs. (3)). For Q1,2 we dene the asymmetries
Ai ≡ N(Qi > 0)−N(Qi < 0)
N(Qi > 0) +N(Qi < 0)
, (5)
where N denotes the number of events. These asymmetries must vanish if CP is
onserved, and are genuine signals of CP violation. Sine Q2 is even under naive
time reversal T, in order to have a nonvanishing asymmetry A2 the presene of CP-
onserving phases in the amplitude is needed. In the proess under onsideration,
and negleting the small phases originated from partile widths, a nonzero A2 arises
from the interferene of a dominant tree-level and a subleading loop diagram mediating
the deay. Thus, A2 is expeted to be very small. On the other hand Q1 is T-odd,
and relatively large asymmetries A1 are possible already at the tree level. We fous
our analysis on the asymmetry A1. We note that partile-antipartile identiation is
neessary in order to build a triple produt CP asymmetry in this proess. In hadroni
deays χ˜02 → χ˜01qq¯ one ould try to build an analogous asymmetry distinguishing the
two quark jets by their energy. However, a triple produt suh as ~pe+ · (~pq1 × ~pq2) is
CP-even, and at least three untagged jets in the nal state are required to onstrut a
CP-odd triple produt.
In the presene of a symmetri bakground the observed asymmetry Aeff1 is smaller
than A1 beause the bakground does not ontribute to the numerator of Eq. (5) but
ontributes to the denominator. If we dene the ratio
r =
S
S +B
, (6)
4
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Figure 3: Shemati piture of the proess e+e− → χ˜01χ˜02 → χ˜01χ˜01ℓ+ℓ− in the CM frame.
S and B denoting the number of signal and bakground events, respetively, the ee-
tive asymmetry and its statistial error are
Aeff1 = rA1 , ∆A
eff
1 ≃
√
r∆A1 , (7)
where the statistial error of the signal alone is ∆A1 =
√
(1−A21)/S. The seond
relation in Eq. (7) holds to a very good auray for the values of A1 found in this
work. Then, with the presene of a bakground whih does not have a CP asymmetry,
the statistial signiane A1/∆A1 dereases by a fator
√
r.
Our rst supersymmetri senario is very similar to the senario SPS1a in Ref. [12℄.
The parameters relevant for our analysis are olleted in Table 1. They approximately
orrespond to m1/2 = 250 GeV, mE˜ = mL˜ = mHi = 100 GeV, AE = −100 GeV at
the uniation sale, and tan β = 10. In this senario, the diagrams dominating χ˜02 →
χ˜01ℓ
+ℓ− are those with deay to on-shell sleptons ℓ˜±R in Fig. 2, 2b. For a heavier slepton
spetrum (and the same χ˜02 mass) two-body deays are not kinematially allowed, and
χ˜02 has three-body deays. This orresponds to our seond senario, with mE˜ = mL˜ =
mHi = 200 GeV, AE = −200 GeV. In both senarios χ˜01 and χ˜02 are gaugino-like and
χ˜01 is mainly a bino. We also omment on the the situation when there is more mixing
in the neutralino setor, so that χ˜01 has a sizeable wino omponent.
We have heked that in both senarios it is possible to have the eletron EDM
de below the present experimental limit d
exp
e = (0.079 ± 0.074) × 10−26 e m [13℄.2
Using the expressions for the eletron EDM in Ref. [14℄, we nd that for eah value
of φ1 between 0 and 2π it is possible to nd a narrow interval for φµ (whih an be
hosen suh that |φµ| ≤ 0.08 in senario 1 and |φµ| ≤ 0.12 in senario 2) in whih
2
The neutron and Merury atom EDMs do not impose a onstraint on our analysis, sine the
phase of the gluino mass M3 is not involved, and additionally beause the experimental limits on
these quantities an be satised if the quark spetrum is heavy enough.
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Parameter Senario 1 Senario 2
M1 101.8 e
iφ1
102.0 eiφ1
M2 191.8 192.0
µ 358.5 eiφµ 377.5 eiφµ
tan β 10 10
me˜R , mµ˜R 142.5 224.0
me˜L , mµ˜L 200.7 264.5
mχ˜0
1
98.7 99.1
mχ˜0
2
176.4 178.1
Table 1: Low-energy parameters (at the sale MZ) for the two SUSY senarios dis-
ussed. The dimensionful parameters are in GeV. The neutralino masses orrespond
to φ1 = 0, φµ = 0, and dier less than ±3 GeV for other phases.
the hargino and neutralino ontributions to de anel, resulting in a value ompatible
with experiment. In our numerial alulations we let φ1 vary freely and set φµ = 0,
bearing in mind that their values are strongly orrelated but our CP asymmetries and
ross setions are insensitive to the small variation of φµ in the ranges required for the
anellations of the EDMs (|φµ| ≤ 0.08, |φµ| ≤ 0.12).
3 Results
We alulate the matrix elements for the resonant proesses in Eqs. (1,2) using HELAS
[15℄, so as to inlude all spin orrelations and nite width eets. We assume a CM
energy of 500 GeV and an integrated luminosity of 345 fb
−1
per year [16℄. In our
alulation we take into aount the eets of initial state radiation (ISR) [17℄ and
beamstrahlung [18, 19℄, using for the latter the design parameters Υ = 0.05, N = 1.56
[16℄.
3
We also inlude a beam energy spread of 1%. In order to simulate the alorimeter
and traking resolution, we perform a Gaussian smearing of the energies of eletrons
and muons using the speiations in the TESLA Tehnial Design Report [20℄
∆Ee
Ee
=
10%√
Ee
⊕ 1% , ∆E
µ
Eµ
= 0.02%Eµ , (8)
where the energies are in GeV and the two terms are added in quadrature. We apply
detetor uts on transverse momenta, pT ≥ 10 GeV, and pseudorapidities |η| ≤ 2.5,
3
The atual expressions for ISR and beamstrahlung used in our alulation an be found in Ref. [11℄.
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the latter orresponding to polar angles 10◦ ≤ θ ≤ 170◦. We also rejet events in whih
the leptons are not isolated, requiring a lego-plot separation ∆R =
√
∆η2 +∆φ2 ≥
0.4. We do not require spei trigger onditions, and we assume that the presene
of harged leptons with high transverse momentum will sue. For the Monte Carlo
integration in 6-body phase spae we use RAMBO [21℄.
3.1 Senarios 1 and 2
The dependene of the asymmetry A1 on the phase φ1 (taking φµ = 0) is shown in
Fig. 4 for the two senarios under study and three polarisation hoies. In these plots
we onsider ISR, beamstrahlung, beam spread and detetor eets, but do not inlude
bakgrounds. We observe that for Pe+ = 0.6, Pe− = −0.8 the asymmetry is slightly
larger than in the unpolarised ase, while it is signiantly redued for Pe+ = −0.6,
Pe− = 0.8. For ompleteness, we show in Fig. 5 the dependene of A1 on φµ for φ1 = 0.
For the two polarisation hoies whih turn out to be of interest for this proess (P00
and P+−) the asymmetry is virtually independent of φµ. The ross setions of the signal
and bakgrounds are plotted in Figs. 68 as a funtion of φ1. χ˜
0
1χ˜
0
2 prodution is largest
for Pe+ = 0.6, Pe− = −0.8 beause the dominant ontributions to the amplitude are
from e˜L exhange diagrams in both senarios. These polarisations enhane theW
+W−
ross setion, whih is the largest bakground, but redue ℓ˜Rℓ˜R prodution whih is
the seond one in importane. It is lear from Figs. 48 that in both senarios this
polarisation hoie yields the best sensitivity for the measurement of A1. We note here
that the determination of φ1 from a ross setion measurement does not seem possible,
due not only to the small relative variation of the total (signal plus bakground) ross
setion but also to the theoretial unertainties regarding neutralino mixing, spartile
mass spetrum, sale dependene of the ross setions, et.
The W+W− bakground an be eetively redued requiring that the angle θ be-
tween the two nal state harged leptons is smaller than, for instane, 90◦ (we have not
attempted to optimise the signal to bakground ratio but rather we have hosen θ ≤ 90◦
in all ases for simpliity). The kinematial distribution of the signal and bakgrounds
with respet to cos θ is shown in Fig. 9, with all ross setions normalised to unity.
The total ross setions are: σW+W− = 318 fb; σχ˜0
1
χ˜0
2
= 6.2 (2.2) fb, σℓ˜ℓ˜ = 52.1 (3.0) fb,
σχ˜+
1
χ˜−
1
= 1.2 × 10−3 (2.9) fb in senario 1 (senario 2). W+W− prodution is strongly
peaked at θ = 180◦, beause W+W− pairs are produed with high momentum in the
CM frame and in the W rest frame the harged lepton is preferrably emitted in the
7
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Figure 4: Dependene of the asymmetry A1 on the phase φ1 in senario 1 (a) and
senario 2 (b). Bakgrounds are not inluded. We onsider unpolarised beams (P00),
Pe+ = 0.6, Pe− = −0.8 (P+−) and Pe+ = −0.6, Pe− = 0.8 (P−+).
0 1 2 3 4 5 6
φµ
-0.10
-0.05
0
0.05
0.10
A
1
P00
P
+−
P
−+
0 1 2 3 4 5 6
φµ
-0.01
-0.05
0
0.05
0.10
A
1
P00
P
+−
P
−+
(a) (b)
Figure 5: Dependene of the asymmetry A1 on the phase φµ in senario 1 (a) and
senario 2 (b). Bakgrounds are not inluded. We onsider unpolarised beams (P00),
Pe+ = 0.6, Pe− = −0.8 (P+−) and Pe+ = −0.6, Pe− = 0.8 (P−+).
diretion of the W boson CM momentum. Slepton deays are isotropi, thus the only
dependene on the angle θ of the ℓ˜ℓ˜ ross setion is kinematial. It an be notied that
the derease with cos θ of their ross setion is more pronouned in senario 1 (in this
ase the sleptons are lighter and then produed with larger energy and momentum).
One ould expet that the W+W− bakground had smaller values of the missing
transverse momentum pT6 than SUSY proesses, in whih there is a pair of heavy
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Figure 6: Dependene of the signal and bakground ross setions on the phase φ1 in
senario 1 (a) and senario 2 (b), for unpolarised beams.
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Figure 7: Dependene of the signal and bakground ross setions on the phase φ1 in
senario 1 (a) and senario 2 (b), for Pe+ = 0.6, Pe− = −0.8.
undeteted χ˜01 in the nal state. However, as we observe in Fig. 10, the kinematial
distributions are not so dierent, and trying to redue the bakground requiring large
pT6 eliminates a large fration of the signal. The results for the observed asymmetry Aeff1
(inluding bakgrounds) are presented in Fig. 11 for both senarios, using Pe+ = 0.6,
Pe− = −0.8, whih give the best results, and requiring θ ≤ 90◦. We also show the
statistial error for two years with a luminosity of 345 fb
−1
per year. Comparing with
Fig. 4 we see that the asymmetry roughly dereases by a fator r ∼ 1/10 due to the
bakgrounds, but it an be observed after a few years of running for wide ranges of
9
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Figure 8: Dependene of the signal and bakground ross setions on the phase φ1 in
senario 1 (a) and senario 2 (b), for Pe+ = −0.6, Pe− = 0.8.
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Figure 9: Dependene of the signal and bakground ross setions on the angle θ
between ℓ+ and ℓ− in senario 1 (a) and senario 2 (b). We have set φ1 = 0 and
Pe+ = 0.6, Pe− = −0.8. All ross setions are normalised to unity.
φ1. We remark that detetor and kinematial uts do not generate by themselves a
fake asymmetry A1 (the asymmetry goes to zero when CP is onserved). Still, the
ut θ ≤ 90◦ slightly enhanes the values of A1 when they are nonzero.
We ollet in Table 2 the signal and bakground ross setions for two examples in
whih the observability of the CP asymmetry is nearly maximal: φ1 = π/3 in senario
1 and φ1 = 3π/4 in senario 2. The kinematial ut on θ redues W
+W− and ℓ˜ℓ˜
prodution by fators of 6 and 2 − 3, respetively, while keeping approximately 70%
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Figure 10: Kinematial distribution of the missing transverse momentum pT6 in senario
1 (a) and senario 2 (b). We have set φ1 = 0 and Pe+ = 0.6, Pe− = −0.8. All ross
setions are normalised to unity.
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Figure 11: Dependene of the observed asymmetry Aeff1 (inluding bakgrounds) on
the phase φ1 in senario 1 (a) and senario 2 (b), for Pe+ = 0.6 and Pe− = −0.8. The
shaded area represents the statistial error for two years of running.
of the signal. The CP asymmetries before uts in these senarios are A1 = 0.101,
A1 = 0.066, and after uts they are A1 = 0.108, A1 = 0.074. The ratio r after uts
is r = 0.074, r = 0.097, yielding eetive asymmetries Aeff1 = 0.0080, A
eff
1 = 0.0072.
These asymmetries an be observed with statistial signianes of 1.8 σ and 1.5 σ,
respetively, after two years of running.
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Senario 1 Senario 2
before after before after
χ˜01χ˜
0
2 8.18 5.49 7.83 6.01
W+W− 318.0 54.3 318.0 54.3
ℓ˜+ℓ˜− 53.1 14.2 3.11 1.33
χ˜+1 χ˜
−
1 ∼ 10−3 2.96 0.56
Table 2: Cross setions (in fb) before and after kinematial uts of the signal and
bakgrounds in senario 1 (a) and senario 2 (b). In the rst senario we hoose
φ1 = π/3, and in the seond φ1 = 3π/4.
3.2 Other SUSY senarios
In the two senarios analysed in detail the asymmetry A1 is diult to observe due to
the fat that the same beam polarisations Pe+ = 0.6, Pe− = −0.8 whih make the signal
largest also enhane the most important bakground, whih isW+W− prodution, and
for Pe+ = −0.6, Pe− = 0.8 the signal is small, beause e˜L exhange dominates the
amplitudes of e+e− → χ˜01χ˜02. One an then wonder what is the situation in SUSY
senarios where e˜R exhange is important, so that χ˜
0
1χ˜
0
2 prodution is large with the
latter hoie of beam polarisations. The situation does not improve however, beause
these polarisations inrease the ross setion for ℓ˜Rℓ˜R prodution, whih is the seond
largest bakground and more diult to remove with kinematial uts (see Figs. 9,10).
We have expliitly analysed one senario with large neutralino mixing, nding results
very similar to those presented in the previous subsetion. The parameters for this
senario are: M1 = 105.8 e
iφ1
GeV, M2 = 199.3 GeV, µ = 263.5 e
iφµ
GeV, mL˜ = mE˜ =
100 GeV, AE = 0, tan β = 10. The relevant spartile masses are me˜R,µ˜R = 147.5 GeV,
me˜L,µ˜L = 211.5 GeV, mχ˜01 ≃ 103 GeV, mχ˜02 ≃ 174 GeV, lose to the values for senario
1. We have found that in the best ase the asymmetry an be observed with 1.2 σ after
two years of running. More favourable SUSY senarios may be found, but the general
trend is that the CP asymmetry A1 is diult to observe, due either to the W
+W−
bakground or the ℓ˜Rℓ˜R bakground.
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4 Summary and onlusions
The determination of the presene (or not) of omplex phases in the neutralino setor
is one of the tasks that must be arried out at a future linear ollider. This will be done
following two dierent approahes: with a preise analysis of CP-onserving quantities
(see e.g, Refs. [2224℄) and through the investigation of CP-violating asymmetries. We
have shown that in χ˜01χ˜
0
2 prodution it is possible to have a CP asymmetry in the triple
produt ~pe+ · (~pℓ−×~pℓ+) whih is very sensitive to the phase φ1 of the gaugino massM1.
We have studied two SUSY senarios, one with χ˜02 → ℓ˜±Rℓ∓ and the other with three-
body deays of χ˜02. In both senarios the neutralinos are light enough to be aessible
at a CM energy of 500 GeV, as proposed for the rst phase of TESLA and NLC. The
CP asymmetries in χ˜01χ˜
0
2 prodution are of order 0.1, and the eetive asymmetries
observed (whih inlude the bakgrounds) are roughly one order of magnitude smaller.
At any rate, asymmetries of order 0.01 an be observed after a few years of running
with the planned luminosity, for wide intervals of φ1. The results for a heavier SUSY
spetrum are similar, and ould be experimentally studied with higher CM energies
and luminosities.
It should be emphasised that this study is omplementary to the analysis of CP
asymmetries in other proesses. Seletron asade deays e˜L → eχ˜02 → eχ˜01µ+µ− are
one example, where there may exist a CP asymmetry in the triple produt ~s·(~pµ−×~pµ+),
with ~s the χ˜02 spin [25℄. In the senario with χ˜
0
2 three-body deays disussed, it is easier
to observe a CP asymmetry in the latter proess. In partiular, the asymmetry in χ˜01χ˜
0
2
prodution is negligible for φ1 = π/2, φ1 = 3π/2, whereas in seletron deays it is
nearly maximal. The reverse situation ours in the senario with deays χ˜02 → ℓ˜±Rℓ∓:
the asymmetry in seletron deays is very small, while it ould be observable in χ˜01χ˜
0
2
prodution for values of φ1 around ±1. The ombined analysis of these and other
proesses, together with the onstraints from EDMs, may allow the determination of
the CP-violating phases in the neutralino setor.
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A Notation and onventions
We list here some of the mass matries and interations used in this work, (see also
Ref. [11℄) following the onventions of Ref. [26℄. We neglet avour mixing and assume
that the trilinear terms are real.
The relation between slepton mass eigenstates ℓ˜ = (ℓ˜1 ℓ˜2)
T
(with mℓ˜1 < mℓ˜2) and
weak interation eigenstates ℓ˜′ = (ℓ˜L ℓ˜R)
T
an be written as ℓ˜ = Rℓ˜ ℓ˜′, with
Rℓ˜ =
(
sin θℓ˜ cos θℓ˜
− cos θℓ˜ sin θℓ˜
)
. (A.1)
In the basis where ψ+ = (W˜+, H˜+2 )
T
, ψ− = (W˜−, H˜+1 )
T
, the hargino mass term is
Lmassχ˜± = −(ψ−)TMχ˜± ψ+ +H.c. , (A.2)
being the hargino mass matrix
Mχ˜± =
(
M2
√
2mW sin β√
2mW cos β µ
)
. (A.3)
This matrix an be diagonalised with two unitary matries U and V ,
U∗Mχ˜±V
† =Mdiagχ˜± . (A.4)
The physial hargino elds are χ˜−i =
(
χ−i χ
+
i
)T
, with χ− = Uψ−, χ+ = V ψ+. Their
ouplings to leptons are
Lν˜ℓℓχ˜−j = ν˜ℓ ℓ¯
[
BℓLjPL +B
ℓ
RjPR
]
χ˜−j +H.c. ,
Lℓ˜iνℓχ˜−j = ℓ˜
∗
i ν¯ℓ
[
BνLijPL
]
χ˜−j +H.c. , (A.5)
with
BℓLj = Yℓ U
∗
j2 ,
BℓRj = −g Vj1 ,
BνLij = −g U∗j1Rℓ˜i1 + Yℓ U∗j2Rℓ˜i2 . (A.6)
For ℓ = e, µ the terms with the Yukawa oupling Yℓ an be safely negleted. The
hargino interations with the gauge bosons are
Lγχ˜−i χ˜−i = eAµ χ˜
−
i γ
µχ˜−i ,
LZχ˜−i χ˜−j =
g
2 cos θW
Zµ
[
χ˜−i γ
µ
(
EijLPL + E
ij
RPR
)
χ˜−j
]
,
LWχ˜0i χ˜−j = gW
†
µ
[
χ˜0i γ
µ
(
OijLPL +O
ij
RPR
)
χ˜−j
]
+H.c. , (A.7)
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with
EijL = Ui2 U
∗
j2 + 2Ui1 U
∗
j1 − 2δij sin2 θW ,
EijR = Vj2 V
∗
i2 + 2Vj1 V
∗
i1 − 2δij sin2 θW ,
OijL = −Ni2 U∗j1 −
1√
2
Ni3 U
∗
j2 ,
OijR = −N∗i2 Vj1 +
1√
2
N∗i4 Vj2 (A.8)
and θW the weak mixing angle. Slepton ouplings to the neutral gauge bosons are
given by
Lγℓ˜iℓ˜i = −ie Aµ
[
ℓ˜∗i
←→
∂µ ℓ˜i
]
,
LZℓ˜iℓ˜i = −i
g
2 cos θW
Zµ
[
zℓij ℓ˜
∗
i
←→
∂µ ℓ˜j
]
,
LZν˜ℓν˜ℓ = −i
g
2 cos θW
Zµ
[
ν˜∗ℓ
←→
∂µ ν˜ℓ
]
. (A.9)
The zℓij mixing parameters read
zℓ11 =
(−1 + 2 sin2 θW ) |Rℓ˜11|2 + 2 sin2 θW |Rℓ˜12|2 ,
zℓ22 =
(−1 + 2 sin2 θW ) |Rℓ˜21|2 + 2 sin2 θW |Rℓ˜22|2 ,
zℓ12 = −Rℓ˜11Rℓ˜∗21 ,
zℓ21 = z
ℓ∗
12 . (A.10)
Finally, the neutrinosneutrinoneutralino ouplings are
Lν˜ℓνℓχ˜0j = ν˜∗ℓ χ˜0j
[
CνLij PL
]
νℓ + ν˜ℓ ν¯ℓ
[
Cν∗Lij PR
]
χ˜0j , (A.11)
where
CνLij = −
g√
2
(
N∗j2 − tan θWN∗j1
)
. (A.12)
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